The Use of Ternary Mixtures in Concrete by Taylor, Peter
InTrans Project Reports Institute for Transportation
5-2014
The Use of Ternary Mixtures in Concrete
Peter Taylor
ptaylor@iastate.edu
Follow this and additional works at: http://lib.dr.iastate.edu/intrans_reports
Part of the Civil Engineering Commons
This Report is brought to you for free and open access by the Institute for Transportation at Iowa State University Digital Repository. It has been
accepted for inclusion in InTrans Project Reports by an authorized administrator of Iowa State University Digital Repository. For more information,
please contact digirep@iastate.edu.
Recommended Citation
Taylor, Peter, "The Use of Ternary Mixtures in Concrete" (2014). InTrans Project Reports. 74.
http://lib.dr.iastate.edu/intrans_reports/74
The Use of Ternary Mixtures in Concrete
Abstract
This manual is a summary of the findings of a comprehensive study. Its purpose is to provide engineers with
the information they need to make educated decisions on the use of ternary mixtures for constructing
concrete structures. It discusses the effects of ternary mixtures on fresh and hardened mixture properties and
on concrete sustainability; factors that need to be considered for both structural and mixture design; quality
control issues; and three example mixtures from constructed projects.
Keywords
Admixtures, Blending, Durability, Fly ash, Portland cement, Properties of materials, Setting (Concrete),
Shrinkage, Silica fume, Slag, Ternary mixtures
Disciplines
Civil Engineering
This report is available at Iowa State University Digital Repository: http://lib.dr.iastate.edu/intrans_reports/74
The Use of
TERNARY 
MIXTURES IN CONCRETE
May 2014
  
TechnicalȱReportȱDocumentationȱPage
1.ȱReportȱNo.ȱ 2.ȱGovernmentȱAccessionȱNo. 3.ȱRecipient’sȱCatalogȱNo.ȱ
DTFH61Ȭ06ȬHȬ00011,ȱWorkȱPlanȱ12ȱ ȱ ȱ
4.ȱTitleȱandȱSubtitleȱ 5.ȱReportȱDateȱ
TheȱUseȱofȱTernaryȱMixturesȱinȱConcreteȱ Mayȱ2014ȱ
6.ȱPerformingȱOrganizationȱCode
ȱ
7.ȱAuthor(s)ȱ 8.ȱPerformingȱOrganizationȱReportȱNo.
PeterȱTaylorȱ InTransȱProjectȱ05Ȭ241ȱ
9.ȱPerformingȱOrganizationȱNameȱandȱAddress 10.ȱWorkȱUnitȱNo.ȱ(TRAIS)ȱ
NationalȱConcreteȱPavementȱTechnologyȱCenterȱ
IowaȱStateȱUniversityȱResearchȱParkȱ
2711ȱS.ȱLoopȱDrive,ȱSuiteȱ4700ȱ
Ames,ȱIAȱ50010Ȭ8664ȱ
ȱ
11.ȱContractȱorȱGrantȱNo.ȱ
ȱ
12.ȱSponsoringȱOrganizationȱNameȱandȱAddress 13.ȱTypeȱofȱReportȱandȱPeriodȱCovered
FederalȱHighwayȱAdministrationȱ
U.SȱDepartmentȱofȱTransportationȱ
1200ȱNewȱJerseyȱAvenueȱSEȱ
Washington,ȱD.C.ȱ20590ȱ
Manualȱ
14.ȱSponsoringȱAgencyȱCodeȱ
FHWAȱTPFȬ5(117)ȱ
ȱ
15.ȱSupplementaryȱNotesȱ
ȱ
16.ȱAbstractȱ
Thisȱmanualȱisȱaȱsummaryȱofȱtheȱfindingsȱofȱaȱcomprehensiveȱstudy.ȱItsȱpurposeȱisȱtoȱprovideȱ
engineersȱwithȱtheȱinformationȱtheyȱneedȱtoȱmakeȱeducatedȱdecisionsȱonȱtheȱuseȱofȱternaryȱmixturesȱ
forȱconstructingȱconcreteȱstructures.ȱItȱdiscussesȱtheȱeffectsȱofȱternaryȱmixturesȱonȱfreshȱandȱ
hardenedȱmixtureȱpropertiesȱandȱonȱconcreteȱsustainability;ȱfactorsȱthatȱneedȱtoȱbeȱconsideredȱforȱ
bothȱstructuralȱandȱmixtureȱdesign;ȱqualityȱcontrolȱissues;ȱandȱthreeȱexampleȱmixturesȱfromȱ
constructedȱprojects.ȱȱ
17.ȱKeyȱWordsȱ 18.ȱDistributionȱStatementȱ
flyȱashȱ—ȱportlandȱcementȱȱ—ȱsilicaȱȱfumeȱȱ—ȱȱslagȱ—ȱȱternaryȱmixturesȱ ȱ
19.ȱSecurityȱClassificationȱ(ofȱthisȱ
report)ȱ
20.ȱSecurityȱClassificationȱ(ofȱthisȱ
page)ȱ
21.ȱNo.ȱofȱPagesȱ 22.ȱPrice
Unclassified.ȱ Unclassified.ȱ 22ȱplusȱfrontȱmatterȱ ȱ
FormȱDOTȱFȱ1700.7ȱ(8Ȭ72)ȱ Reproductionȱofȱcompletedȱpageȱauthorizedȱ

The Use of Ternary Mixtures
in Concrete
May 2014
AUTHOR
Dr. Peter Taylor, Associate Director 
National Concrete Pavement Technology Center, Iowa State University
EDITOR
Ms. Marcia Brink, National Concrete Pavement Technology Center, Iowa State University
DESIGNER
Ms. Mina Shin, Consulting Graphic Designer
The Use of Ternary Mixtures in Concreteiv
DISCLAIMERS
The contents of this report refl ect the views of the authors, who are responsible for the facts and the accuracy of the information presented herein. The 
opinions, fi ndings, and conclusions expressed in this publication are those of the authors and not necessarily those of the sponsors. The sponsors assume no 
liability for the contents or use of the information contained in this document. This report does not constitute a standard, specifi cation, or regulation. The 
sponsors do not endorse products or manufacturers. Trademarks or manufacturers’ names appear in this report only because they are considered essential to 
the objective of the document.
Iowa State University does not discriminate on the basis of race, color, age, religion, national origin, sexual orientation, gender identity, sex, marital status, 
disability, genetic testing, or status as a U.S. veteran. Inquiries can be directed to the Director of Equal Opportunity and Diversity, Iowa State University, 3680 
Beardshear Hall, 515-294-7612.
FOR MORE INFORMATION
Tom Cackler, Director
Marcia Brink, Managing Editor
National Concrete Pavement Technology Center
Iowa State University Research Park
2711 S. Loop Drive, Suite 4700
Ames, IA 50010-8664
515-294-9480
mbrink@iastate.edu
www.cptechcenter.org/
PHOTO CREDITS
Unless otherwise indicated in the text, all photographs 
and illustrations used in this guide were provided by 
the author.
MISSION
The mission of the National Concrete Pavement Tech-
nology Center is to unite key transportation stake-
holders around the central goal of advancing concrete 
pavement technology through research, tech transfer, 
and technology implementation.
ACKNOWLEDGMENTS 
The author and the National Concrete Pavement 
Technology Center are grateful for the support of many 
organizations in the development of this manual. The 
information summarized herein is based on research 
funded by the Federal Highway Administration 
(FHWA) DTFH61-06-11-00011, Work Plan 12, and 
the FHWA Pooled Fund Study TPF-5(117), which 
involved the following state departments of transporta-
tion (DOTs):
• California
• Illinois
• Iowa (lead state)
• Kansas
• Mississippi
• New Hampshire
• Oklahoma
• Pennsylvania
• Wisconsin
• Utah
In addition, the following partners sponsored the 
research:
• American Coal Ash Association
• Headwaters Resources
• Portland Cement Association
• Slag Cement Association
Finally, the following companies made in-kind 
contributions: 
• BASF Admixtures
• Elkem
• Engelhard
• Geneva Rock
• Giant Cement
• Holcim Cement
• Keystone Cement
• Lafarge Cement
Iowa DOT Statements 
Federal and state laws prohibit employment and/or 
public accommodation discrimination on the basis of 
age, color, creed, disability, gender identity, national 
origin, pregnancy, race, religion, sex, sexual orienta-
tion or veteran’s status. If you believe you have been 
discriminated against, please contact the Iowa Civil 
Rights Commission at 800-457-4416 or the Iowa 
Department of Transportation affi rmative action offi -
cer. If you need accommodations because of a disabil-
ity to access the Iowa Department of Transportation’s 
services, contact the agency’s affi rmative action offi cer 
at 800-262-0003. 
The preparation of this report was fi nanced in part 
through funds provided by the Iowa Department of 
Transportation through its “Second Revised Agreement 
for the Management of Research Conducted by Iowa 
State University for the Iowa Department of Transpor-
tation” and its amendments.
The opinions, fi ndings, and conclusions expressed in 
this publication are those of the authors and not neces-
sarily those of the Iowa Department of Transportation 
or the U.S. Department of Transportation.
  
CONTENTS
 
LISTS OF FIGURES AND TABLES ........... vi
 
INTRODUCTION................................... 1
 
FRESH PROPERTIES .............................. 2
 
Workability .............................................................2
 
Set Time ................................................................3
 
Bleeding ...............................................................3
 
Air Void Structure ..................................................4
 
Heat of Hydration .................................................4
 
Incompatibility......................................................4
 
SCM Percentage ...................................................5
 
HARDENED PROPERTIES ...................... 6
 
Strength .................................................................6
 
Shrinkage ..............................................................7
 
Permeability ..........................................................7
 
Freeze Thaw and Scaling .....................................8
 
Alkali Silica Reaction ............................................9
 
Sulfate Attack ........................................................9
 
SUSTAINABILITY ................................. 10
 
Economic Impact...............................................10
 
Environmental Impact ........................................11
 
Societal Impact ..................................................12
 
DESIGN ............................................. 13
 
Structural Design ................................................13
 
Mixture Design ....................................................13
 
Interactions .........................................................14
 
CONSTRUCTIBILITY............................ 16
 
Form Removal .....................................................16
 
Joint Sawing .......................................................16
 
Surface Finishing.................................................16
 
Curing .................................................................16
 
Extreme Weather ................................................16
 
QUALITY ASSURANCE ....................... 17
 
Quality Control ...................................................17
 
Acceptance ........................................................17
 
Speciﬁ cations .....................................................17
 
TYPICAL EXAMPLES ........................... 18
 
Iowa Pavement ...................................................18
 
Pennsylvania Bridge Deck..................................19
 
New York Bridge Structure ..................................20
 
REFERENCES...................................... 21
 
The Use of Ternary Mixtures in Concrete v 
  
  
  
  
  
  
  
  
 
  
  
  
  
LISTS OF FIGURES AND TABLES
 
Figure 1. Initial setting time for mortar mixtures 

as a function of portland cement 

content in the binder .............................. 5
 
Figure 2. 28-day compressive strength as a 

function of cement in the binder 

(after Shin 2012) ..................................... 6
 
Figure 3. Compressive strength as a function 

of cement in the binder at 3 days (top) 

and 28 days (after Tikalsky 2007) ........... 7
 
Figure 4. Sulfate expansion in mixtures with 

and without limestone (after Tikalsky 

2011) ....................................................... 9
 
Figure 5. CO2 footprint as a function of portland 

cement in the binder (after Tikalsky 

2011) ..................................................... 12
 
Figure 6. Interstate 29 in Iowa (southbound) ..... 18
 
Figure 7. State Route 36, section 20, bridge 

deck in Pennsylvania ............................ 19
 
Figure 8. I-86 Coopers Plains bridge abutment 

stem structure in New York.................... 20
 
Table 1. Summary of Side Effects and Inter­
actions of SCMs ..................................... 15
 
Table 2. Properties of Hardened Concrete ......... 18
 
Table 3. Properties of Hardened Concrete ......... 19
 
Table 4. Properties of Hardened Concrete ......... 20
 
The Use of Ternary Mixtures in Concrete vi 
   
 
 
 
 
 
 
 
 
INTRODUCTION
 
The purpose of this document is to provide engineers 
with the information they need to make educated deci­
sions on the use of ternary mixtures for constructing 
concrete structures. 
A ternary mixture is one that contains portland cement 
and two other materials in the binder, blended either 
at the cement plant or at the batch plant. The materi­
als included may be interground limestone or supple­
mentary cementitious materials (SCMs) such as slag 
cement, ﬂy ash, silica fume, or metakaolin. 
The information in this document is largely based on 
the ﬁndings of a signiﬁcant research project conducted 
over the last seven years in three phases at Penn State, 
Utah University, and Iowa State University (Tikalsky 
2007, 2011, Taylor 2012, respectively) along with 
published data. The ﬁrst stage of work was to evaluate 
paste and mortar mixtures using an array of several 
portland cements and blended cements, mixed with 
supplementary cementitious materials. More than 
120 different combinations were mixed and tested for 
properties such as setting time, ﬂow, strength develop­
ment, shrinkage, and sulfate resistance. 
The second stage of the work was to select a more 
limited subset of materials tested in pastes and mortars 
and to conduct tests for a broader range of properties 
including bleeding, air content, alkali reactivity, electri­
cal resistivity, and freeze-thaw resistance. A limited 
number of mixtures containing limestone as one of the 
components of the binder were included. Some of the 
testing included evaluating the effects of low or high 
temperature mixing and curing conditions. 
An additional stage of work included ﬁ eld demonstra­
tions in which bridge elements and one pavement 
were constructed in seven states around the country 
using ternary mixtures. Samples were taken at the time 
of construction, and the mixtures were evaluated. In 
addition, feedback was obtained from the contractors 
about their experiences with the mixtures. The infor­
mation gathered indicated that there are few techni­
cal barriers to delivering ternary concrete mixtures 
with required performance parameters. In general, 
the effects of the mixtures could be predicted from 
a knowledge of the effects of the individual ingredi­
ents; i.e., there were few observed positive or negative 
synergies from interactions between the ingredients. As 
may be expected, increasing the amount of any given 
material may have desirable or beneﬁcial effect(s), such 
as reduced heat of hydration, but other associated side 
effects, such as delayed setting, may require changes 
or close attention to construction practices. One of the 
beneﬁts of using a ternary system is that a negative 
effect from one product may be balanced by the ben­
eﬁcial effect of another. In this way, reliable mixtures 
can be produced that contain relatively low amounts of 
cement clinker, which will improve sustainability both 
by reducing  environmental impacts and by increas­
ing the beneﬁcial usage of a material that would have 
otherwise been considered a waste. 
The following pages summarize the ﬁndings of the 
research, with supporting data from the literature. 
First, the effects of ternary mixtures on fresh and 
hardened properties of mixtures are discussed, fol­
lowed by a discussion about sustainability. Factors 
that need to be considered by designers are discussed 
from the point of view of both structural design and 
mixture design. The ﬁnal chapters discuss changes that 
may be needed in construction practice and quality 
management. 
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Fresh Properties
 
This section discusses how fresh properties of mixtures 
are affected by ternary systems. Properties discussed 
include workability, heat of hydration, setting time, 
and air entrainment. Fresh concrete properties are 
primarily important to a contractor because they affect 
the effort required to transport, place, ﬁnish, and cure 
the concrete. 
While the owner typically is more concerned about the 
hardened properties of a mixture, there is an interest 
in monitoring fresh properties because they affect the 
ability of the contractor to deliver the ﬁnal product to 
a required standard. Both owner and contractor are 
concerned about the uniformity of the mixture because 
variations between batches will impact both early and 
long-term performance. 
Workability 
Workability of a mixture inﬂuences the ease with 
which the concrete can be transported, placed, and 
ﬁnished. The greater the workability, the less effort 
required to consolidate the system without segrega­
tion, but for extruded systems such as slipformed 
pavements a stiffer mixture is needed to prevent edge 
slump. The correct workability is therefore required 
for the type of equipment being used. 
Good workability provides indirect beneﬁts to the 
hardened concrete, because full consolidation is easier 
to achieve and the volume of large voids in the con­
crete is reduced. Poor workability can make ﬁ nishing 
difﬁcult, increasing the risk of tearing of the surface or 
forcing the crew to overwork the surface to achieve a 
visually acceptable ﬁ nish. 
Workability also provides a measure of uniformity, 
indicating that something has changed from batch 
to batch, thus acting as a useful quality control tool. 
Rapid loss in workability may be an indication of 
materials incompatibility, as discussed in the sec­
tion on Incompatibility. Historically, the workability 
of concrete has been measured using the slump test, 
but experience has shown that more information is 
required to describe workability fully. Rheological­
based approaches are useful laboratory tools but have 
yet to ﬁnd application in the ﬁ eld. 
A signiﬁcant change in concrete technology has been 
the widespread use of chemical admixtures to control 
workability. This means that variations in workabil­
ity induced by the cementitious system can easily be 
adjusted for during mix proportioning. 
According to Kosmatka et.al. (2011), SCMs gener­
ally improve the workability of concrete mixtures. Fly 
ash and slag cement have frequently been reported to 
improve concrete workability. Silica fume, however, 
will increase the water requirement and stickiness at 
dosages above ﬁve percent by mass of cement because 
of the high surface area. Less than ﬁve percent silica 
fume may improve workability because the silica fume 
particles tend to be spherical and assist with separating 
cement grains. 
Data from Tikalsky (2007) have shown that ﬂ ow 
values in mortar mixes did not vary signiﬁ cantly with 
changing combinations of SCMs. 
In general workability 
• 	 Remained the same for mixtures with increasing 
Class C ﬂ y ash. 
• 	 Increased in mixes with increasing amounts of one 
Class F ﬂy ash but decreased with a different Class 
F ﬂ y ash. 
• 	 Decreased or remained the same in mixtures with 
increasing slag cement. 
• 	 Decreased more rapidly in mixtures with increas­
ing silica fume and metakaolin. 
Data from the literature (Mala 2013, Elahi 2010, Hale 
2008, Sharfuddin 2008, Bouzoubaâ 2004) indicate 
that trends are generally consistent with the properties 
of the ingredients. It may be expected that, in general, 
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slag cement or ﬂy ash should increase workability, 
but individual products or combinations may behave 
differently depending on the ﬁneness and chemistry of 
the system. 
Trial batches are strongly recommended. 
Set Time 
Setting is a measurement of when a fresh concrete 
mixture changes from a ﬂuid to a solid. This is of 
interest because it will inﬂuence when ﬁ nishing activi­
ties may be conducted. Initial set is formally deﬁ ned as 
when a pressure of 500 psi is required to push a cylin­
drical plunger into a mortar sample extracted from the 
concrete, while ﬁnal set is considered to have occurred 
at 4,000 psi. 
Initial set can be explained physically as the stage 
when hydration products start to mesh with each 
other, reducing the ability of particles to move past 
each other. Final set may be thought of as when the 
concrete is hard enough to walk on, and may have 
been initially related to sulfate depletion in the hydra­
tion process. The 4,000 psi, however, seems to be an 
arbitrary number that has little correlation with com­
pressive strength or hydration of modern mixtures. 
As noted, setting time may be recorded by periodi­
cally pressing a plunger into a sample of mortar and 
plotting the pressure required. Alternative approaches 
ﬁnding acceptance are the use of temperature sensors 
and devices that monitor the speed of sound through a 
sample. The former approach is based on the fact that 
hydration is exothermic and a rise in temperature indi­
cates chemical activity. This may be skewed because, 
although chemical reactions may have started, they 
may not have proceeded far enough to result in mea­
surable physical change in the system. In concrete 
mixtures, however, this error is generally small enough 
to be acceptable. 
Inclusion of ﬂy ash and slag cement will generally 
retard the setting time of concrete depending on the 
water/cementitious materials (w/cm) ratio, the chemis­
try of the system, and the temperature of the concrete. 
Reducing w/cm ratio means that cement grains are 
closer together and so setting is slightly accelerated. 
Mixtures with increasing alkali contents and at higher 
temperatures will also tend to set sooner. 
Results from mortar tests (Tikalsky 2007) show that 
setting times generally 
• 	 Increased with increasing Class C ﬂ y ash. 
• 	 Remained the same or slightly increased for mix­
tures with increasing Class F ﬂ y ash. 
• 	 Increased in mixes with increasing amounts of 
Grade 100 slag cement but remained the same for 
Grade 120. 
• 	 Decreased in mixtures with silica fume and 
metakaolin. 
Hale (2008) reported that the effects of SCMs, includ­
ing a ternary combination of slag cement and ﬂ y ash, 
varied depending on the cement. 
Bleeding 
Bleeding is the appearance of water at the surface of a 
concrete element between the times of placement and 
setting. It is caused by the settlement of solid particles 
(cement and aggregate) in the mixture and the simulta­
neous upward migration of water. 
A small amount of bleeding is normal and expected 
in freshly placed concrete. Some bleeding may help 
control the development of plastic shrinkage crack­
ing in slabs on grade. Excessive bleeding, however, 
reduces concrete strength and durability near the 
surface. The rising water can form channels through 
the matrix, signiﬁcantly increasing permeability. If the 
surface has been troweled too early, the bleed water 
can be trapped at or below the surface, later result­
ing in a poor quality skin and/or blisters. Bleed water 
can also accumulate under large aggregate particles or 
reinforcing bars, causing reduced concrete strength 
and reduced paste-steel bond. 
Excessive bleeding will delay the ﬁnishing and curing 
process, which should not proceed until bleed water 
has evaporated from the surface. 
Bleeding is primarily reduced by increasing the 
amount of ﬁne powder in the mixture, reducing 
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workability and entraining air. Concrete containing ﬂ y 
ash generally exhibits a lower bleeding rate, but due 
to retarded setting times, the total bleed volume may 
be similar to or greater than portland cement–only 
concrete. Slag cements reportedly have little effect on 
bleeding rates. Silica fume can greatly reduce, or often 
stop, bleeding, largely because of the extreme ﬁ neness 
of the particles (Bouzoubaâ 2004). 
In the work reported by Tikalski (2007) Class C ﬂ y 
ash had a mitigating effect on bleeding up to a point, 
but when more than 25 percent Class C ﬂy ash was 
used in the mixture, bleeding increased. Class F ﬂ y 
ash also reduced bleeding but was not as effective as 
the C ash, and there was no pessimum effect observed 
with Class F ﬂy ash. Bleeding was slightly increased in 
the mixtures containing slag cement, but decreased in 
the mixtures containing metakaolin. The high ﬁ neness 
of silica fume and large speciﬁc surface area greatly 
reduced the bleeding of the mixtures. 
Air Void Structure 
Air may be deliberately entrained in concrete primar­
ily to improve freeze-thaw resistance. Other beneﬁ ts 
include improved workability and increased yield. A 
difﬁculty is that control of air contents may be difﬁ cult 
as discussed below. 
It is desirable to have a large number of small bubbles 
close together so that free water in a paste matrix is 
near a bubble. The spacing factor of bubbles should 
be less than approximately 0.20 mm, which is tradi­
tionally achieved by ensuring that there is about 5–6 
percent total air in a mixture. This assumption may 
not be true for mixtures with newer admixture sys­
tems. Small bubbles are stabilized in a mixture by the 
use of so-called air entraining admixtures (AEA), but 
the amount of chemical required by a mixture can be 
strongly inﬂuenced by the chemistry of SCMs in the 
mixture and the workability of the mixture. Increas­
ing loss-on-ignition (LOI) from unburned carbon in 
ﬂy ash will signiﬁcantly increase the amount of AEA 
required to achieve a given air content and likely 
reduce stability of the air voids. Increasing ﬁ neness of 
the powders (such as silica fume and metakaolin) in 
the system will also increase demand for AEA. 
Data from tests conducted on mortars (Tikalsky 2007) 
conﬁrm that a greater dosage of AEA is needed when 
incorporating a high LOI Class F ﬂy ash. Increasing 
workability due to the presence of some SCMs may 
enhance the effectiveness of air entraining admixtures 
(Hale 2008). 
Heat of Hydration 
Cement hydration generates heat as the reaction pro­
ceeds. In addition, the warmer a mixture the faster will 
be the rate of reaction. In cool weather, a mixture that 
generates a lot of heat will accelerate itself, which may 
be desirable. On the other hand, in warm weather the 
lower the heat generated the lower the peak tempera­
ture and the better quality the concrete will be. Tem­
perature differentials of concrete between that at the 
time of setting and the minimum in the ﬁrst few days 
may lead to thermal cracking, again supporting the 
idea that lower heat gains may be generally preferred. 
Supplementary cementitious materials will generally 
reduce the heat generated, depending on the alkali 
content and the ﬁneness. Slag cements and Class F ﬂ y 
ashes are effective at reducing peak temperatures in 
mass-concrete systems, thus reducing the risk of ther­
mally induced cracking. 
The results of tests (Tikalsky 2007) were consistent 
with the literature, showing slag cement and ﬂ y ash 
reducing temperatures and silica fume increasing 
them. Finer ground slag cement generated more heat 
than the lower grade coarse ground product. 
Incompatibility 
Incompatibility is a phenomenon sometimes observed 
in which ingredients in a mixture under some condi­
tions react with each other to result in undesirable and 
unpredictable behavior. The most commonly observed 
effect is rapid stiffening, sometimes accompanied by 
severely retarded set. The other effect may be instabil­
ity of the air void system (Tikalsky 2007, Taylor 2006). 
The stiffening is generally due to an imbalance of C
3
A 
in the cementitious system and the required sulfates in 
solution to control C
3
A hydration. Cements are nor­
mally manufactured to be in balance, but the addition 
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 of SCMs (typically Class C ﬂy ash with a high calcium 
content) that contain additional C
3
A may result in 
an uncontrolled reaction causing ﬂash set. This effect 
is most often seen in systems at high temperatures 
(~90°F) and containing lignin based water reducers, 
both of which accelerate C A reaction. The risk is most 
3
commonly assessed by monitoring the shape of a heat 
of hydration plot measured using an isothermal or 
semi-adiabatic calorimeter. 
It was observed by Tikalsky (2007) that a low-range 
water reducer showed signiﬁcant reduction in time to 
set when used at a doubled dosage rate in mixtures 
containing Class C ﬂ y ash. 
SCM Percentage 
From the laboratory data (Tikalsky 2011) the only 
fresh parameter that appeared to be signiﬁ cantly 
affected by increasing SCM dosages, whether binary 
or ternary, was setting time; see Figure 1. As SCM 
dosage increased, the range of setting times increased 
signiﬁcantly, meaning that at low or no dosage all 
mixtures set at about the same time while increased 
dosage meant that some mixtures were delayed while 
others were not, depending on other parameters in the 
mixture such as SCM type. 
Figure 1. Initial setting time for mortar mixtures as a 
function of portland cement content in the binder 
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Hardened Properties
 
This section is focused on hardened properties of mix­
tures containing ternary systems. Properties discussed 
include strength, shrinkage, permeability, frost resis­
tance, alkali silica reaction, and sulfate resistance, all of 
which can affect concrete durability. 
Strength 
Strength is a commonly measured property of con­
crete, largely because it is relatively simple to assess 
and because it is used to provide a fair analogue with 
other concrete properties. It is also critical to structural 
performance of elements. The age at which a given 
strength is required will vary depending on the need. 
Contractors may want early strength (rapid strength 
gain) in order to construct the next stage, while the 
owner may be interested only in the strength at a later 
age. The rate of strength development will also inﬂ u­
ence the risk of cracking. Concrete is generally strong 
in compression but weak in tension, and testing is 
normally in the form of compression tests on cylinders 
or cubes. 
Strength increases as the w/cm ratio decreases because 
the capillary porosity decreases. This observation holds 
true for the entire range of curing conditions, ages, and 
types of cements available. There is a direct relation­
ship between w/cm ratio and strength for a given set of 
cementitious materials, but the relationship will vary 
for different mixtures of cement and SCMs. 
Concrete strength is inﬂuenced by the composition 
and ﬁneness and, indirectly, the amount of the cement 
in the mixture. Finer cements hydrate faster than 
coarser cements due to their increased surface area 
and tend to have a limited later strength development 
because of a poorer quality paste microstructure. 
The amount or rate of the contribution of SCMs will 
depend on the chemistry, ﬁneness, and amount of the 
SCM. Generally, with Class F ﬂy ash and slag cement, 
early strengths are lower than those of similar mixtures 
with portland cement only, and ultimate strengths are 
higher. The effect of Class C ﬂy ash is less marked on 
early age strengths, depending on the speciﬁ c ﬂ y ash 
used. Silica fume and metakaolin normally increase 
strengths at both early and later ages (Bouzoubaâ 
2004). Ternary mixtures developed to achieve a given 
28-day strength will tend to exhibit greater strengths 
than plain mixtures at greater ages (Chung 2012, Elahi 
2010, Hale 2008). 
Twenty-eight–day strengths can also be affected by 
the percentage of cement, particularly when it drops 
below 40 percent. Figure 2 shows data for ternary and 
binary mixtures containing Class C and Class F ﬂ y 
ash and slag cement prepared at a w/cm ratio of 0.45 
(Shin 2012). It is notable that the ternary mixtures 
outperformed the binary mixtures. Similar trends were 
reported by Mala (2013). 
From tests conducted on mortars (Tikalsky 2007) the 
following observations are made: 
• 	 Three-day strengths of all mixtures ranged from 
1,200 to 4,800 psi. 
• 	 No clear trends in 3- or 28-day strengths were 
observed with increasing amounts of ﬂy ash or slag 
cement. 
• 	 Increasing 3- and 28-day strengths were observed 
with increasing amounts of silica fume and 
metakaolin. 
Figure 2. 28-day compressive strength as a 
function of cement in the binder (after Shin 2012) 
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From the concrete tests (Tikalsky 2011): 
• 	 Increasing amounts of one of the Class F ﬂ y ashes 
slightly reduced strength at 7 days, but no effect 
was seen at 28 days. 
• 	 Seven- and 28-day strengths were slightly 
increased with increasing silica fume dosage. 
• 	 The 28/7-day strength ratio was lowest for the 
plain mixture containing limestone (on the other 
hand, the strength ratio was highest for the mix­
tures containing Class F ﬂ y ash). 
A clear increase in 3-day mortar strength was observed 
with increasing portland cement content, but the trend 
was less notable at 28 days as shown in Figure 3. No 
trend was observed in the concrete tests. 
Figure 3. Compressive strength as a function of 
cement in the binder at 3 days (top) and 28 days 
(after Tikalsky 2007) 
Shrinkage 
Concrete shrinks due to several mechanisms that start 
soon after mixing and may continue for a long time. 
Because concrete shrinkage is generally restrained in 
some way, concrete almost always cracks. Uncontrolled 
cracks that form at early ages are likely to grow due to 
mechanical and environmental stresses. 
A signiﬁcant contributor to shrinkage is moisture lost 
from the system, largely due to evaporation. Plastic 
shrinkage occurs due to loss of moisture before the 
concrete sets that can result in plastic cracking at the 
surface. Drying shrinkage occurs after the concrete has 
set and results in random cracking. Total shrinkage can 
be minimized by keeping the water (or paste) content 
of concrete as low as possible. 
Increasing cement ﬁneness has been reported to 
increase shrinkage (Yang 2009). Supplementary 
cementitious materials usually have little direct effect 
on shrinkage (Tikalsky 2011, 101). The exception to 
this was the low moisture shrinkage observed in the 
control mixture containing interground limestone. 
Permeability 
Permeability is the ease with which ﬂuids can pen­
etrate concrete. Almost all durability-related distresses 
in concrete can be slowed or stopped by reducing its 
permeability because most durability-related distress 
mechanisms involve the transport of harmful sub­
stances into the concrete: 
• 	 Water that expands on freezing, leaches calcium 
hydroxide, and/or carries dissolved ions that attack 
the concrete 
• 	 Salts that crystallize on wetting and drying or exert 
osmotic pressure during freezing and thawing, 
causing surface damage 
• 	 Alkalis that release hydroxyls that react with alkali-
reactive aggregates 
• 	 Sulfates that attack the aluminate compounds 
• 	 Carbon dioxide that reduces the alkalinity (pH) 
• 	 Oxygen and moisture that contribute to the corro­
sion of steel bars or reinforcement 
• 	 Chlorides that promote corrosion of steel bars 
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Permeability is primarily controlled by the paste sys­
tem and the quality of the interfacial zone. If there are 
a large number of pores and they are connected (per­
colated), then the concrete will be permeable. Reduc­
ing the likelihood that pores will be connected is key 
to achieving low permeability. It is generally accepted 
that appropriate use of SCMs reduces permeability of 
concrete mixtures, particularly at later ages. 
There are no practical tests to assess directly the 
permeability of a given concrete, but one approach is 
to use an analog such as the electrical conductivity. 
This has a logical basis because ionic charge is faster 
in ﬂuids in the pore system than in the solids of the 
hydrated cement paste. The classic approach is the so-
called rapid chloride penetrability test (ASTM C 1202). 
This test has been popular for some time despite its 
limitations and poor repeatability. An alternative is to 
use a resistivity approach such as the Wenner probe 
that measures resistivity between four probes a known 
distance apart. 
Both approaches were used by Tikalsky (2011, 122) 
and a good correlation was found between the meth­
ods, but the resistivity test was far simpler to run. 
In general, resistivity was increased (indicating 
improved permeability) with the increasing addition of 
SCMs except when more than 30 percent of the binder 
contained Class F ﬂy ash (Tikalsky 2011, Bouzoubaâ 
2004). Sorptivity has been shown to decrease with 
increasing age, particularly in ternary systems (Bai 
2002, Elahi 2010). 
Freeze Thaw and Scaling 
Concrete that is exposed to cold weather can incur 
damage due to freeze-thaw damage and salt scaling 
among other mechanisms related to the use of deicing 
salts. 
Freeze-thaw damage is due to pressures exerted by 
water attracted to the freezing front and expanding as 
it freezes. The damage is typically cyclic because, while 
saturation may be limited to a shallow depth, cracking 
at the surface will open up the system allowing further 
penetration of the water. 
If a salt solution penetrates the microstructure, and 
then the water is removed either by freezing or by 
evaporation, the remaining salts may crystalize out 
and expand depending on the chemistry of the salt. 
Damage may also be due to osmotic pressures set up 
by differential salt concentrations between the pore 
solution at and remote from the freezing front. Surface 
scaling is also reportedly due to differential movements 
in the surface ice and the concrete at the surface caus­
ing shallow cracking. 
Prevention is achieved by entraining small air bubbles 
close together that provide a place for expanding water 
to move into. Improving impermeability of the paste to 
limit the rate of water ingress is also beneﬁ cial. 
Mixture factors that inﬂuence the risk of distress 
include the following: 
• 	 High LOI ﬂy ash will require greater dosages of 
admixture to achieve the same air content. 
• 	 Variable LOI in a ﬂy ash source may cause large 
variations in the concrete air content. Such a ﬂ y 
ash should be monitored using the foam index 
test with every delivery to prevent problems in the 
batch plant. 
• 	 Mixtures with ﬁner cement and increasing cement 
content will require a higher dosage of admixture 
to achieve the same air content. 
• 	 There is a perception that increasing slag cement 
content in a mixture will reduce scaling resistance, 
particularly above 50 percent dosage (Tikalsky 
2011). 
All of the mixtures tested by Tikalsky et al. (2011) 
prepared with an adequate air void system performed
satisfactorily in the ASTM C 666 test, regardless of the 
binder system. 
Surface scaling was seen in all the mixtures tested. The 
addition of silica fume and metakaolin generally did 
not reduce the severity of the scaling. However, the 
addition of ﬂy ash or GGBFS reduced the severity of 
the surface scaling. The presence of 10 percent lime­
stone seemed to enhance the performance of Class F 
ﬂy ash and slag cement. 
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Systems containing large amounts of SCMs can be 
more sensitive to poor curing (Radlinski 2008). 
Alkali Silica Reaction 
A chemical reaction can occur between certain types of 
siliceous aggregate, alkali hydroxides from the cement, 
and water that leads to the slow formation of a gel in 
and around the aggregates. This gel is expansive when 
it absorbs water and can lead to signiﬁcant damage in 
a concrete system over a period of years. Ideally, the 
risk of such alkali silica reaction (ASR) can be miti­
gated by a number of actions or a combination thereof, 
as follows: 
• 	 Avoid use of reactive aggregates. This is not always 
possible when alternative aggregates are not avail­
able within a reasonable distance. 
• 	 Keep the concrete dry. Again, this is often not pos­
sible because, even in the desert, ground water will 
tend to collect under slabs on grade, elevating the 
relative humidity in the concrete above the levels 
needed to promote the reaction. 
• 	 Use appropriate dosages of SCMs. This is a com­
mon approach, although it is contingent on 
knowing how much SCM is needed for a given 
aggregate. 
• 	 Include lithium-based admixtures in the concrete, 
converting the gel to a non-expansive form. 
The lower the calcium content of a ﬂy ash, the lower 
the amount that is needed to control expansion. In 
some cases, an inadequate dosage of high calcium ﬂ y 
ash may exacerbate the problem. 
Ternary mixtures containing silica fume and ﬂy ash are 
reportedly effective at reducing ASR-related expansion 
by controlling pore solution alkalinity (Shehata 2002). 
Tests were conducted (Tikalsky 2011) using the 
ASTM C 1567 mortar bar approach. Expansions were 
reduced in all mixtures containing SCMs. Class C 
ﬂy ash used at less than 30 percent provided only a 
limited beneﬁt, but signiﬁcant reductions in expan­
sion were noted in all mixtures containing one of the 
Class F ﬂy ashes; the reduction was less marked with 
the other Class F ﬂy ash. Increasing amounts of SCMs 
decreased expansions. Inclusion of limestone in ter­
nary mixtures appeared to enhance the beneﬁts of the 
other SCMs; see Figure 4. 
Sulfate Attack 
External sulfate attack comprises sulfates in solution 
reacting with C
3
A and its hydration products, forming 
expansive compounds and decomposing the cement 
paste. This may be a signiﬁcant issue for slabs in con­
tact with sulfate-rich soils. 
Mitigation is conventionally in the form of reducing 
permeability of the concrete using low C
3
A cements 
and/or including low-calcium ﬂy ash in the mixture. 
Tests were conducted by Tikalsky (2011) in accor­
dance with ASTM C 1012 on mortar bars. Expan­
sions were evaluated at 12 months. Expansions were 
reduced in all mixtures containing SCMs. The beneﬁ t 
was limited and insufﬁcient when using Class C ﬂ y ash 
at less than 30 percent but was very marked in all mix­
tures containing slag cement, Class F ﬂy ash, and silica 
fume. These ﬁndings are similar to those reported by 
Dhole (2011). 
Figure 4. Sulfate expansion in mixtures with and 
without limestone (after Tikalsky 2011) 
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Sustainability
 
This section discusses how ternary mixtures can be 
used to improve sustainability of concrete mixtures 
and how these improvements can be quantiﬁ ed. 
A basic deﬁnition of sustainability is the capacity to 
maintain a process or state of being into perpetu­
ity, without exhausting the resources upon which it 
depends nor degrading the environment in which it 
operates. Typically, three general categories of sustain­
ability are recognized: economic, environmental, and 
social. To be sustainable, any activity must comprise a 
workable balance between the three, sometimes com­
peting, interests. Fundamental to the process is that 
engineering quality must not be compromised. Any 
approach to reducing, say, the carbon footprint cannot 
be allowed to impact safety and longevity of the system 
being built. 
Balancing economic, environmental, and societal fac­
tors for construction projects requires 
• 	 Identifying applicable factors in each category. 
• 	 Collecting data for the factors to be evaluated. 
• 	 Applying tools to quantify the impact of each 
factor. 
• 	 Assessing the combined impact of the factors in 
relationship to one another. 
Complicating the process is that factors must be 
identiﬁed and measured for all stages of a structure’s 
life from conception through construction, use, and, 
eventually, removal. Therefore, assessment of the sus­
tainability of a project will require the use of a robust 
life cycle assessment (LCA) approach. 
Implementation of sustainable practices is largely 
being driven by the public’s growing awareness that a 
more sustainable built environment is achievable. This 
requires civil engineers to examine alternative solu­
tions that a few years ago might not have been consid­
ered. Agencies have begun to require that sustainabil­
ity metrics be measured on construction projects, and 
such metrics may be used in the selection process for 
future projects. 
Concrete suffers from a perception that it contributes 
a considerable amount of CO
2
 to the atmosphere. 
This is partially due to the large quantities of concrete 
that are used to provide and maintain infrastructure 
worldwide. It should be noted that most of the CO
2 
generated is from the manufacture of portland cement; 
therefore, activities that reduce the amount of portland 
cement in a structure will be beneﬁcial. While cement 
manufacturers are developing and implementing more 
efﬁcient systems, there is a limit to the reduction that 
can be achieved because about half of the CO
2
 pro­
duced is a result of the decomposition of the limestone 
used to make the product. 
Use of ternary mixtures provides a means to make 
better quality concrete while reducing economic, 
environmental, and social impacts as discussed below. 
The discussion in the preceding chapters have clearly 
shown that concrete mixtures can be developed using 
ternary mixtures that deliver both the fresh and hard­
ened properties required for most applications. 
Economic Impact 
Engineers are used to providing a structure at mini­
mum cost, largely because the low-bid system is built 
around that premise. Traditionally the focus has been 
on the initial cost, but some movement has been made 
toward considering life cycle costs when evaluating 
different solutions. Packages and models are available 
that assist practitioners in the process of accounting for 
future maintenance costs over the life of a structure. 
Such approaches are an integral part of sustainability. 
When considering concrete mixtures containing SCMs 
it is normally assumed that such mixtures will be 
lower cost because these products are mostly byprod­
ucts from other industries. Other indirect reduction of 
costs may be found in various ways: 
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• 	 Concrete with a given performance can be pro­
vided with a lower cement content. 
• 	 Some performance requirements, such as sulfate 
resistance or ultra-high strengths, may only be 
achieved with the use of SCMs. 
• 	 Lower water demands will lower admixture 
requirements or simplify handling constraints. 
However, as the beneﬁts of SCMs are recognized, 
prices tend to rise. Other factors that may negatively 
impact cost include the following: 
• 	 Transportation costs may dominate, depending on 
the distances to be covered and the availability of 
bulk handling facilities. 
• 	 Batch plants have to be modiﬁed to handle another 
material, unless it is purchased as a blended mate­
rial from the cement manufacturer. 
• 	 The potential for errors goes up with increas­
ing numbers of materials in a batch. Such errors 
include loading materials into the wrong silos, 
or switching proportions of SCM and portland 
cement. 
• 	 Testing and monitoring for quality assurance 
purposes will add to costs. This is exacerbated in 
materials that are byproducts because the source 
industry is concerned about its own product. The 
byproduct is therefore uncontrolled and conse­
quently may be highly variable. 
• 	 Regulatory requirements on handling waste prod­
ucts may be signiﬁcant, now and increasing into 
the future. 
• 	 Not all SCMs improve workability. 
• 	 Some SCMs, such as metakaolin, are ﬁ nding more 
lucrative markets in other industries. 
• 	 Staff need to be educated about the products and 
their effects. 
An exercise conducted in this project indicated that, in 
general, costs will be decreased with use of ternary sys­
tems because negative side effects of one material can 
be balanced with the beneﬁts of another, while simul­
taneously reducing portland cement content. 
Environmental Impact 
When considering the environmental impact of any 
process, two aspects have to be considered: 1) the 
depletion of resources and 2) the generation of waste. 
Sustainability has become a concern because people 
are becoming aware that availability of many resources 
on the planet is ﬁnite and that humankind is consum­
ing them faster than they can be regenerated. This 
means that eventually we are going to run out of criti­
cal materials. The basic materials required to manufac­
ture portland cement are limestone, shale, and energy. 
The ﬁrst two components are still readily available, but 
there is concern about the future availability of carbon 
or hydrocarbons commonly used to heat cement kilns. 
Of greater concern is the impact of waste materials and 
byproducts created during the processing of manu­
factured products. Life cycle analysis (LCA) models 
investigate a list of high impact indicators, including 
the following: 
• 	Acidiﬁ cation 
• 	Climate change 
• 	Ecotoxicity 
• 	Eutrophication 
• 	Human-health effects 
• 	 Ozone layer depletion 
• 	Smog 
In the same way that LCCA models are desirable to 
assess the real ﬁnancial cost of a plan, a rigorous LCA 
incorporating all of the above can account for all of the 
potential impacts over the life of the structure. 
In the context of portland cement, it is the potential 
effects of CO
2
 that is of greatest interest, with impacts 
of other factors being fairly limited. Supplementary 
cementitious materials, however, may be considered 
beneﬁcial because if they were not used in concrete, 
they would have to be landﬁlled, adding to the envi­
ronmental impact of their source industries. At the 
same time SCMs reduce the amount of portland 
cement required, thereby reducing the impact of a 
given amount of concrete. 
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Data from Tikalsky (2011) show a linear relationship 
between the amount of portland cement replaced and 
the reduction in CO
2
 footprint; see Figure 5. Tied to 
this is that, in general, the mixtures tested still per­
formed satisfactorily. At high replacement rates, some 
care may be required to ensure that side effects are 
acceptable. However, a given performance can be 
delivered with less impact than using a straight port-
land mixture because properties of the products can be 
utilized to balance each other. 
Figure 5. CO2 footprint as a function of portland 
cement in the binder (after Tikalsky 2011) 
Societal Impact 
Civilization and our current lifestyle is utterly depen­
dent on the functionality of the existing infrastructure: 
• 	 Transportation for mobility of food, water, medi­
cines and people 
• 	 Communication to coordinate the movement of 
these 
• 	 Waste removal and treatment 
• 	 Heating and cooling in extreme climates 
A signiﬁcant portion of the physical infrastructure is 
built using concrete based systems. 
Our charge as engineers is to continue to provide that 
needed infrastructure while reducing our impacts, as 
discussed above. 
A societal beneﬁt of using SCMs in ternary mixtures is 
that there will be a reduction in the amount of material 
that has to be stored in dumps or dams. This will have 
the direct beneﬁt of reducing the risk that they will 
fail and so protecting the populations that live near or 
downstream of them. 
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Design
 
This section provides guidance on the factors a struc­
tural or pavement designer needs to be aware of when 
considering the use of ternary mixtures. Also in this 
section is guidance on selecting materials to be used in 
a ternary mixture and how to proportion them. 
Structural Design 
For the purposes of structural design, engineers 
are primarily concerned about the rate of concrete 
strength development. The data have shown that 
ternary mixtures can be provided that achieve almost 
any strength at a given age by modifying the w/cm 
ratio and the SCM types and dosages. Therefore, from 
a purely structural design point of view, designers sim­
ply need to state their requirements. This is true for all 
types of concrete elements including columns, beams, 
elevated slabs, and slabs on grade. 
A complication develops, however, if the system is 
likely to be exposed to an aggressive environment, and 
measures have to be taken to ensure sufﬁ cient durabil­
ity. Structural design codes (ACI 318) classify aggres­
sive environments in terms of exposure to freezing and 
thawing, sulfates, corrosion, or aggressive ﬂ uids. The 
imposed requirements include limits on maximum 
w/cm ratio, air content, cement type, and chloride 
content in the mixture. Cements are addressed by 
reference to factory blended materials (ASTM C 595 
or C 1157), but the only reference to the use of SCMs 
is to impose maximum dosages in systems exposed to 
freezing and thawing or sulfate exposure. The code is 
silent with respect to alkali silica reaction. 
It is up to the designer, therefore, to be aware of the 
environment in which the system will be used and 
to require that the mixture comply with the stated 
requirements. This still leaves considerable ﬂ exibility 
for the effective use of ternary mixtures that can be 
proportioned to enhance potential durability. 
Slabs on grade add a further level of complication 
because their high surface-to-volume ratio makes 
them sensitive to shrinkage and thermal affects and 
the related risk of random cracking. This may be 
addressed at the design stage by the careful detailing of 
sawn joints or provision of sufﬁcient steel to distribute 
cracking. Ternary mixtures will likely have a beneﬁ cial 
effect on reducing temperature related stresses and 
little effect on drying, and may increase plastic shrink­
age risk because of delayed setting. An approach may 
be to pass risk of cracking onto the contractors and 
allow them to proportion ternary mixtures in accor­
dance with their practices and the weather. 
Mixture Design 
Language currently in use deﬁnes mixture design as 
the activity of selecting the performance requirements 
for a mixture while proportioning is the process of 
selecting the materials and amounts to achieve that 
performance. In some cases, minimum or maximum 
amounts of SCMs may be called for in order to achieve 
goals such as protection from ASR or minimization of 
salt scaling risk. Mixture design also takes into account 
the structural requirements of the system, as well as 
the needs of the contractor to place, ﬁnish, and cure 
the concrete, such as workability parameters. Propor­
tioning should be the responsibility of the contractor, 
but mixture design has to be a collaboration of both 
the engineer and the contractor. 
Parameters that should be considered in the mixture 
design process include the following: 
• 	 Workability for the construction process, including 
uniformity limits. This will be inﬂuenced by the 
type and dosage of SCMs but is primarily con­
trolled by water content and admixture usage. 
• 	 Setting time. This is strongly affected by SCM type 
and dosage, as well as the weather. In general, 
increasing SCM dosage will increase setting time. 
This parameter is not commonly controlled but is 
monitored for its effects on construction activities 
such as ﬁnishing and sawing. 
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• 	 Cracking risk. This topic involves a complex 
combination of setting time, moisture and thermal 
gradients, stiffness, and strength. While risks can 
be addressed at the design stage, workmanship 
effects such as curing and sawing largely have a 
greater inﬂ uence. 
• 	 Strength. Long term strength needs are governed 
by the structural requirements, while the rate of 
development is often controlled by construction 
practices. It is primarily governed by the w/cm 
ratio and inﬂuenced by SCM type and dose, the 
use of admixtures, and the weather, with cooler 
weather slowing development. Typically, any 
system that has environmental durability require­
ments will deliver greater strength than required 
structurally. 
• 	 Stiffness and creep. These properties affect struc­
tural performance and the cracking risk of an ele­
ment but are rarely controlled in the mix design. 
• 	 Permeability. This parameter is a fundamental 
requirement for harsh environments and is, again, 
primarily controlled by the w/cm ratio with a 
strong inﬂuence from SCM type, dose, and degree 
of hydration. 
• 	 Durability. Prevention of distress due to ASR and 
sulfate attack is often best achieved through the 
judicious use of sufﬁcient SCMs in the mixture. 
Air entraining admixture dosages may have to be 
adjusted with some SCMs. 
• 	 Sustainability. If sustainability is called for in the 
contract, then this may be increased with the use 
of increasing amounts of SCMs in the mixture. 
This must be balanced with the need to control the 
side effects of their use, particularly at high dos­
ages, such as delayed setting and slower hydration. 
Research and practice have indicated that for most 
everyday applications 
• 	 The cement content should be above 40 percent. 
• 	 Silica fume content should be less than 10 percent. 
• 	 Class F ﬂy ash content should be less than 30 
percent. 
• 	 Class C ﬂy ash content should be less than 40 
percent. 
• 	 Slag cement content should be less than 50 
percent. 
Minimum contents of 15 percent are suggested for ﬂ y 
ash and slag cement because little beneﬁt is normally 
observed below this level. These limits are only guides 
and can be exceeded for some applications if mixtures 
are carefully proportioned and workmanship is tuned 
to the expected side effects. 
Factors such as cost are local issues because, while a 
given product may be technically desirable, the cost of 
obtaining and hauling it to the site may make its use 
impossible. Proportioning then, should be based on 
materials that are readily available. 
Interactions 
The side effects and interactions of SCMs are summa­
rized in Table 1 (Tikalsky 2011). In general, the effects 
of multiple products in a mixture will be additive; 
therefore, accelerated strength gain with one prod­
uct plus lower strength gain from another will likely 
result in a neutral overall affect if both products are 
incorporated. 
It should be noted that these trends are very broad 
and may not be valid for a given material because of 
the chemistry of the product and the rest of the mix­
ture. Appropriate testing using the planned materials 
is essential to ensure that a mixture will perform as 
required. 
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Table 1. Summary of Side Effects and Interactions of SCMs 
Supplementary Cementitious Material
Properties 
Class F Fly Ash Class C Fly Ash Slag Cement Silica Fume Metakaolin Limestone 
Improved at low doseSigniﬁ cantly Neutral /Workability Improved (<5%), decreased at Decreased Slightly improvedimproved Improved high dose 
May be difﬁcult May beMay be difﬁcult to Air void system to entrain air Neutral Neutral difﬁ cult to Neutralentrain airwith high LOI entrain air 
SlightlySetting Delayed Slightly delayed Accelerated Neutral Neutraldelayed 
Incompatibility Low risk Some risk Low risk Low risk Low risk Low risk 
Slower but Slightly slower Slightly slower AcceleratedStrength gain continues but continues but continues Accelerated initially Neutralinitiallylonger longer longer 
Stiffness (Related to strength) 
Heat generation Lower Slightly lower Slightly lower Higher Slightly higher Slightly lower 
Shrinkage Neutral Reduced Neutral Increased Increased Neutral 
Improved over Improved over Improved overPermeability Improved Improved Neutraltime time time 
Improved Improved atASR Improved at sufﬁcient Slightly improved Improved Neutralhigh dosagesdosage 
May be worseImproved Improved at at high dosagesSulfate attack Improved at sufﬁcient Neutral Neutralhigh dosages in very colddosage environments 
Corrosion Slightly Slightly Improved Improved Improved NeutralResistance improved improved 
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Constructibility
 
The focus of the discussion in this section is about the 
changes in construction practice that are necessary 
when using ternary mixtures. Field experience gath­
ered by Taylor (2012) has demonstrated that ternary 
mixtures can be used successfully for construction. 
While ternary mixtures can be designed and propor­
tioned to yield a wide range of hardened properties, 
there are some side effects that may affect construc­
tion practices. These are discussed in the following 
sections. 
Form Removal 
Setting times may be extended for some combinations 
of materials, particularly those mixtures containing 
high dosages of SCMs and those with low alkali and 
calcium contents. For structural elements, this may 
require a delay in form removal times, particularly in 
cold weather. It is recommended that maturity based 
approaches be used to monitor strength development 
(ASTM C 1074) to ensure that safety is not compro­
mised when forms are removed. 
Joint Sawing 
For slabs on grade, a delayed set may require changes 
in sawing practice, especially in cold weather. In 
addition, the sawing window may become very short 
because the mixture is gaining strength slowly while 
still shrinking. Consideration may be given to the use 
of early entry saws in such a setting. A combination 
of a very low alkali cement with a high dosage of slow 
reacting SCMs can lead to a situation where cracking 
risk is signiﬁcant. Computer models such as HIPER­
PAV may provide a useful means of assessing or adjust­
ing for risk before construction starts. 
Surface Finishing 
Surface ﬁnishing should not be started until bleeding 
has stopped to prevent soft lenses forming below the 
surface of the slab. In drying conditions, this may be 
a challenge because the surface starts to stiffen before 
bleeding stops. Changes in bleeding behavior of the 
mixture with the use of SCMs add to the complica­
tion. There is no simple rule of thumb that can be 
applied here, because bleeding is primarily controlled 
by the powder content of the mixture and the rate of 
hydration, both of which will vary signiﬁ cantly with 
changing materials and weather. It can be stated that 
changing the SCM type and dosage will change bleed­
ing. Finer materials will slow bleeding or, in the case of 
silica fume, prevent it. On the other hand, slower set­
ting will mean that bleeding will continue longer. It is 
recommended that trial slabs be prepared when using 
a new combination of materials so that the timing for 
ﬁnishing can be assessed. Tests can be conducted on 
trial batches to determine when bleeding occurs and 
how much. 
Overall ﬁeld experience has shown that ﬁ nishing 
crews have had little difﬁculty working with ternary 
mixtures. 
Curing 
Curing, the practice of keeping a mixture warm and 
wet to promote hydration, becomes more critical in 
slowly hydrating systems because premature cessation 
of hydration will leave the mixture in a state well short 
of its potential performance. 
In drying conditions with high dosages of SCMs, 
there is an increased risk that plastic shrinkage crack­
ing will occur because the mixture is still losing water 
to evaporation even though it has not yet set. Use of 
evaporation retarders or provision of fog sprays will 
assist in reducing the risk of cracking. 
In cold weather, extra effort may be required to keep 
slowly hydrating systems warm so that hydration may 
continue until required performance is achieved (Tay­
lor 2013). 
Extreme Weather 
Many of the issues related to the use of ternary mix­
tures have been addressed in the discussion above. Lab 
tests demonstrated that mixtures could be prepared 
and cured at 50ºF and 100ºF and still perform satisfac­
torily. Differences in performance were largely con­
sistent with expectations based on the chemistry and 
dosage of the SCMs used. 
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Quality Assurance
 
This section provides recommendations on the factors 
that will need special attention in quality control (QC) 
and acceptance activities. 
Quality Control 
A signiﬁcant concern for quality control processes is 
that the product being delivered complies with the 
speciﬁcations and that it is similar (enough) to the 
product used in trial batches. Approaches that may be 
adopted when cementitious materials are delivered to 
the site include the following: 
• 	 Ensure that the right product is loaded into the 
right storage. Color coding connectors or using 
different size devices may help reduce the risk of 
error. 
• 	 Monitor key parameters provided with delivery 
tickets where possible. 
• 	 Note changes in color. 
• 	 Conduct calorimetry on samples of the cementi­
tious system on delivery and note changes in the 
shape of the curve. 
Changes observed may not be deﬁ nitive about 
potential problems, but they do provide an early 
ﬂag that something has been changed and should be 
investigated. 
Blending of materials can be conducted in a cement 
plant, in which case products should comply with 
ASTM C 595. In many ways, this is to be preferred 
because the manufacturer is then able to optimize 
sulfate contents and minimize the risk of incompat­
ibilities. Factory blends also mean that fewer silos are 
required at the batch plant. It is not uncommon to 
have a binary material in one silo and another SCM in 
a second silo. The downside is that blends are limited 
to those offered by the manufacturer, which may not 
be those required at a given site. 
Care should also be taken to ensure that blend pro­
portions are within tolerances. This requires careful 
calibration and monitoring of blending and batching 
facilities. While some variation may be acceptable, if 
a minimum amount of SCM is required for a speciﬁ c 
purpose such as ASR protection, then large errors may 
be catastrophic in the long term. 
Issues related to the effects on construction practices 
are discussed in the section on construction. Setting 
times and bleeding rates should be carefully monitored 
to note changes that may affect cracking risk. In all 
other ways, QC requirements are the same as those for 
conventional concrete. 
Acceptance 
Key acceptance parameters for ingredient materials 
or blends should be based on published standards 
including the following: 
• 	 ASTM C 150, C 595, or C 1157 for cements and 
blended cements 
• 	 ASTM C 618, C 989, C 1240, C 1697 or C 1709 
for SCMs 
Acceptance will be based on both of the following: 
• 	 The proportions of the mixture, ensuring that the 
cementitious blend meets the requirements of the 
project 
• 	 Mixture performance, such as strength develop­
ment and permeability. 
As such, normal acceptance procedures should be 
sufﬁ cient. 
Speciﬁ cations 
Speciﬁcation language used in trial projects (Taylor 
2012) did little more than permit the use of ternary 
mixtures, lay out the ranges of percentages of SCMs 
required, and refer to existing materials requirements. 
One state required the use of HIPERPAV during bid­
ding to ensure that cracking risk was acceptable. This 
requirement eventually led to the reduction in the 
amount of one of the SCMs because it was having a 
strong effect on early hydration in laboratory tests. 
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Typical Examples
 
Following is a summary of three locations that were 
demonstration projects using ternary mixtures (Taylor 
2012). 
Iowa Pavement 
A ternary mixture was placed on an interstate pave­
ment in Iowa. The cementitious system comprised 
a Type 1P cement (25 percent ﬂy ash) blended with 
15 percent Class C ﬂy ash. Project facts include the 
following: 
• 	 Location: Monona County, Iowa 
• 	 Contractor: McCarthy Improvement Co. 
• 	 Rigid pavement improvement (southbound of 
Interstate 29 in Iowa) (Figure 6) 
Figure 6. Interstate 29 in Iowa (southbound) 
Table 2. Properties of Hardened Concrete 
The following observations were made: 
• 	 Slab dimensions were 11 inches by 26 feet for the 
mainline and 7 inches by 6 or 8 feet for shoulders, 
which were tied to the mainline by #4 bars. 
• 	 The concrete was supplied from a central batch 
plant and was delivered to the job site in dump 
trucks. The plant had a 90-second mix time. Once 
in the truck, the mix had to be placed on the 
ground within 60 minutes without segregation. 
• 	 Workability and coarseness factors were 34.5 and 
64.9, respectively. The combined aggregate grada­
tion fell in the well graded region. Similarly, the 
combined percent retained curve indicated a well 
graded system. 
• 	 The relative humidity ranged between 21 percent 
and 89 percent. The ambient temperature ranged 
from 48˚F to 88˚F. The wind speed varied from 3 
mph to 20 mph. 
• 	 The slump was 2.0 inches. The unit weight was 
135.6 lb/ft3. The water/cm ratio was 0.35. 
• 	 The air content was 8.75 percent from the one test 
conducted at the batch plant, which was slightly 
higher than the speciﬁed minimum, 6 percent.. 
• 	 The initial setting time of the mix was at 2.32 
hours. 
• 	 Properties of the hardened concrete are shown in 
Table 2. 
• 	 The visual rating of the mixture after 50 freeze 
thaw cycles (ASTM C 672) was “4.” 
• 	No difﬁculties were reported in placing the 
mixture. 
Tests	 Results 
7-day compressive strength, psi	 4,860 
28-day compressive strength, psi	 5,960 
Sample 1 Sample 2 Average 
Rapid chloride permeability, coulombs 
980  1,413 1,197 
Strength development 28/7 day fc ratio	  1.23 
Shrinkage microstrain @ 28 days, in/in	  183.30 
Average stress rate by restrained ring test, psi/day	  28.21 
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Pennsylvania Bridge Deck 
A ternary mixture was placed on a bridge deck on 
State Road 36, section 20, in Pennsylvania. The 
cementitious system comprised 60 percent Type I/II 
cement, 30 percent Grade 100 slag cement, and 15 
percent Class F ﬂy ash. Project information includes 
the following: 
• 	 Location: Roaring Spring, Blair County,
New07A42&07B42
• 	 Contractor: Plum Contracting
• 	 State Route 36, section 20
• 	 Bridge deck placement (1 span—structural steel
girders with concrete deck) (Figure 7)
The following observations were made: 
• 	 All concrete came from a ﬁxed batch plant and
was delivered to the job site in transit mix trucks.
The concrete was placed using a conveyor belt.
• 	 Contractors used form riding bridge deck paver.
The bridge deck was 8 inches deep with a 2½-inch
Figure 7. State Route 36, section 20, bridge deck 
in Pennsylvania 
Table 3. Properties of Hardened Concrete 
cover on the top layer of reinforcement and a 
1-inch cover on the bottom layer of reinforcement. 
• 	 Cementitious materials included Type I/II port-
land cement (Holcim-Hagerstown, Maryland),
Grade 100 slag cement (GranCem-Camden, New
Jersey), and Class F ﬂy ash (Headwaters-Sammis
Plant). Dolomitic limestone coarse aggregate was
used, and the ﬁne aggregate was sandstone. An
MBVR air entraining agent, Glenium 3030 water
reducer, and 100XR retarder were used as chemi­
cal admixtures.
• 	 The relative humidity ranged from 70 percent to
82 percent; the ambient temperature ranged from
69˚F to 77.4˚F; the wind speed varied from 0 mph
to 7 mph; and the concrete temperature ranged
from 73ºF to 80.4ºF during the recorded period.
• 	 Slump varied from 3.0 inches to 6.5 inches. Unit
weight was 147.3 lb/ft3. The w/cm ratios obtained
from microwave water-cementitious ratio tests
were 0.50 and 0.46. The design value was 0.41.
• 	 The air content varied from 5.0 percent to 7.1 per­
cent, with an average value of 6.0 percent based
on eight sets of testing. The speciﬁ ed minimum
was 6 percent.
• 	 Setting time of the mix was determined as a single
measurement: initial set occurred at 3.63 hours
and the ﬁnal set was achieved at 10.96 hours.
• 	 Hardened properties are shown in Table 3.
• 	 The visual rating of the mixture after 50 freeze
thaw cycles (ASTM C 672) was “2.”
• 	No difﬁculties were reported by the contractor.
The DOT has indicated that it will permit future
construction using ternary systems.
Tests	 Results 
7-day compressive strength, psi	 4,240 
28-day compressive strength, psi	 4,700 
Sample 1 Sample 2 Average 
Rapid chloride permeability, coulombs 
1,860 1,731 1,796 
Strength development 28/7-day fc ratio	  1.11 
Shrinkage microstrain @ 28 days, in/in	  612.50 
Average stress rate by restrained ring test, psi/day	  55.35 
The Use of Ternary Mixtures in Concrete 19 
 
 
 
 
 
New York Bridge Structure The following observations were made: 
A ternary mixture was placed on the I-86 bridge 
structure in Coopers Plains, New York (Figure 8). 
The cementitious system comprised a binary Type 1P 
cement (6 percent silica fume) blended with 20 per­
cent Class F ﬂy ash. The project information includes 
the following: 
• 	 High performance concrete project on I-86 at exit 
#42 (D261576, Steuben County) 
• 	 Contractor: Cold Spring Construction Co. 
• 	 Mix ID: C042911015 
• 	 I-86, Exit 42 rehabilitation (Meads Creek Road 
Reconstruction; pavement, drainage, signs, pave­
ment markings and guiderail, and box culvert 
replacement) and bridge replacement (three com­
posite girders), Town of Campbell (Figure 8) 
Figure 8. I-86 Coopers Plains bridge abutment stem 
structure in New York 
Table 4. Properties of Hardened Concrete 
• 	 The concrete was mixed at a central mix plant 
(Cold Spring Construction Co.) and transported to 
the construction site by ready-mix trucks (Hanson 
Heidelberg Cement Group). 
• 	 A blend of Type 1P, which contains 6 percent silica 
fume by mass (Whitehall, PA), and 20 percent 
Class F ﬂy ash (Headwaters Resources) was used. 
The coarse and ﬁne aggregates, crushed gravel 
and river sand, respectively, were obtained from 
Dalrymple Gravel & Contracting Co., Erwin, New 
York. 
• 	 Setting time of the mix was determined as a single 
measurement: initial and ﬁnal sets occurred at 
5.76 hours and 6.72 hours, respectively. 
• 	 The slump results were 3.75 inches and 4.00 
inches; unit weights of concrete were determined 
as 138.2 lb/ft3 and 138.0 lb/ft3; w/cm ratios were 
found to be 0.46 and 0.47; and the air content 
were 6.5 percent and 7.3 percent, respectively. The 
design value for w/cm ratio was 0.40, and target 
air content was 6.5 percent. 
• 	 Hardened properties are shown in Table 4. 
• 	 The visual rating of the mixture after 50 freeze 
thaw cycles (ASTM C 672) was “2.” 
• 	No difﬁculties were reported by the contractor. 
Tests	 Results 
7-day compressive strength, psi	 3,160 
28-day compressive strength, psi	 3,970 
Sample 1 Sample 2 Average 
Rapid chloride permeability, coulombs 
1,100 1,256 1,178 
Strength development 28/7-day fc ratio	  1.26 
Shrinkage µ-strain @ 28 days	  693.00 
Porosity by boil test, %	  5.90 
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